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WIND VELOCITY AND ELEVATION. 

By W. J. HUYPBREYR. 

11 B. Jan. 5,1916.1 

OBSERVATIONS. 

[ R d  beiore the SecOnd Pan-Amdesn SCientiflC C O W S ,  Washington. D. C’. , Section 

Everyone luioms that the wind increases with in- 
crease of elevation. Even casual obsemntions of such 
objects as sails of shi s, tops of trees, coluinns of sniolic, 

velocity increases with hei-ght nborc trhe surface : while 
measurements made bv triangulation on freely drifting 
clouds and balloons, orb anemoineters on tethered kites, 

met 1 ods just mentiored. Near the surface of the earth- 
up to from 2 to S meters over an open plana-the con- 
dition of the wind, upon whose force tohis limit de]>eixls, 
may be summarized as follows: 

or isolated clouds su fE ce to show qualitatively that wind 

full support the conc Q usions reached by tlic siiiipler 

Actual velocity: Escceclingly irregular. 
Average velocity: Increases rapidly with elevation. 
Rste of velocity increase: a, Increases with avprnge velocity. 

Above the turbulent surface layer tho wind increases so 
nearly regularly with elevation that its npproximnte 
velocity a t  any level up to 16 meters iiiny be computed, 
according to Stevenson,’ froni its observed vclocit,y at  
some other height by the empirical equation, 

{ b, Decreases with elevation. 

H + 72 
A. + 73 

in which 1’ is the computed wind velocity for the lerel I1 
in terms of the known velocity v a t  the height h ,  both 
elevations being expressed in feet. 

If the height.s are given in nieters this equat,ion beconies 

Other empirical equations espressing t,lie rclrdion of 
wind velocity to elevation hiwe been giwn for grcl~tcr 
heights. Douglass,a for insta.iice, finds that his rt.looit,v 
observations between 100 nieters n.nd 600 niet,ers elcvn- 
tion fairly satisfy the simple equat.ion 

-- V El (Xy. 
V 

Shaw * suggests, as a likely formula, 

J’ = ___.I + 

a vo, 
in which V is the wind ve1ocit)y at, t,hc height 11 .I ‘ 1  wre  
ground, Vo the observed anenioniet,er velocity and 
a constant obviously depending upon surrounding 
topography, anemometer exposure and, perhaps, 0t.hc.r 
factors. 

Among the niost interest,ing observations on the. ~ 1 : ; -  
tion of wind velocity to albitude nrc. those of Dr. CIes;~rc: 
Fabris,’ based on some 200 pilot, balloon flights 1ii:i.de st 

Committ.ee. The co- 

intervals during ear Juiic, ~ ~ ~ O - I I ~ L J - ,  
nerologicd stn.t.ion of 

1 Jour., Scot. meteor. soc., lSM, 6 : 348. 
1 Natm I&% 83.593 
8 Adv& dmniltt& for Aeronautics, Reports and Memorsndrr, London, 1909, No. “p. 8. R. CanItato Talw~ogrstlco Itellano, Memoria 8, pp. 374,1012. 

ordinates of this stat.ion are: Lat. 42’ 04‘ 41” N.; lon5. 
12’ 12’ 43” E.; altitude, 272.4 meters. It therefore is 
about. 40 Icilomcters northwest of Rome. 

FIG. l.-Ecl3tions of w h d  veloclty t o  elovation, :&Iter Fabris. 

The genord rosult,s of all t.he ohsen*nt,ions are summed 
up in figure I., which sliows four distinct regions: 

a. The region of mpid linear increase of relocity with 
increase of :~hi:ucln; est,ending from t,he surface (272 
iiiet,ers above sea levell, where t,he velocity is least, bo an 
e1ev;ition of 600 t.o f i )O meters. This obviously is the 
region in w1iic.h the winds are affected by surface friction 
and the resulbing turbulence. Clearly, too, the average 
number of eddies and their consequent effect on velocity 
must rapidly decrease with increase of elevation, sub- 
stantially ns indicat,ed by the given velocity-altitude 
curves. 

b. The region of velocity-decrease with incre:ise of 
nlt-itude; about 100 niet.ers deep and coming inimedi- 
atgly above a. This decrea.se probsbly is duo to the 
mixing of two wind hyers, an upper and a lower, movirig 
in very diflerent directions, and, therefore, merely a 
local and temporary rather than a univers:tl phenomenon. 

c. A region of irregular winds slowly increming with 
increase of alt,itucle; est,eiidiug roughly from about 500 to 
1,500 meters above the surface. These conditions itre of 
~ e r y  gonerd occurrence between the levels giwn.j The 
i r r e$wi t ,y  probably is due to that, frequent, coi~vectionul 
mising induced by insolnt.ion and, nt, night., by cloud 
evaporat,ion. 

d .  A region of approsimntcly constant increase of 
yelocity with increme of elevation; beginning at about 



JANUARY, 1916. MONTHLY WEATHER REVIEW. 15 

1 600 meters above the surface and extending to a t  least 
t i e  maximum height observed, 5,000 nieteiu. The wind 
velocities of this region, being out of the rewh both of 
friction and convectiona.1 disturbances, are determined 
by the prevailing horizontal pressure gradients. 

Cloud and balloon obsoixi.t.ions show t h t  incrense of 
wind velocity with incrense of nltit,ude above 1,500 t,o 
2,000 meters elevnt.ion, holds pract.icallv to t,he t,o . of t.he 

amount to as much 8s 90 met,ers per second (500 niiles 
per hour), or even more. 

At higher le~e ls ,  t.hat. is in t,he stratosphere, blie avernge 
velocity is deciclcdly less. 

troposphere where t,he doc i t .y  in middle Iat,it.iic r cs may 

HORIZONTAL PP,ESSURE GPADIENT AND ELEVATIOh;. 

All these facts n,re m-ell known, hut. there me no gen- 
erally ncce terl and sn.t.iufact,ory discussions of the rea- 

limit of n.ppreciable surfnce influence, should .go on in- 
creasing ivit.li increme of elevat,ion up t.o t,lie inot,liermaI 
level anil then decri.mse. In(-lced dat.ti sufficient for :I 
complete solution of t,hir problem are not yet nvailnhle, 
and it is only recent>ly t.1i:t.t enough fnots have hcomc 
known to indicate a t  all clearly the several links in t,he 
ohain of cause and effect that, determines t h  averngcb 
atmospheric movement,s in miilille n n d  higher latit,udes. 

sons why tr P ie nwrnge wind d o c i t y  at, l e ~ e l s  abow the 

~~ ~ ~ ~~ ~~~~~ 

Fio. 2. Rdntkm of temyrratum to altitp!e and 1.ititiitln flri. Hmi..  Summprj. after 
:-iiriw. 

Because of the actual distribution of insolation over 
the earth t.lio teniperaturll of tlie lower atmosphere, as 
shown by observat,ion, is warmest, on the average, in 
equat,orial regions and coldest bcyond the polar circles, 
with inteniiet1int.e vnlues over middlc latitudes. Hence, 
since the t,empera.ture of the air nbove the earn1 depends 
mainly upon convection nnd radiation froni below, it 
follows t,hnt. tlie Int.itude distribut,ion of t.emperature in 
the upper air niust be substantially the saiiie as that at 
the surface, t1ia.t. is, warmest within the tropics and cold- 
est in the polar regions, with intermediate values be- 
tween. hid this, indeed, according to kite and balloon 
records, does a )  dy n t  eitch level up to 10 to 12 kilo- 

much higher lerels, 15 t.o 20 kiloinetcrs, for reasons that 
need not, lie discussed licrc, the rare atrnos here is coldest 

This inverse condition, however, does not apply to the 

.met,ers, or to I \  u ly three-fourths of the air mass. At 

i over equatorial regions and warmest over Y iigh latitudes. 

winter and sunimer at,mosplieres of the same place, nor 
to those of neighboring places on approximately the 
same 1at.itude. 

As a crude fiist approsinintion to conditions as they 
actually esist,, assume (1)  t,hrzt t.he temperature distribu- 
tion is the saine dong all meridians, ( 3 )  that the tempera- 
t.ure change froni one Intit,ude t,o another is the same for 
all levels, and (3) that. scn-lorel pressure is the same at  
all Istitndes. Assuiiipt.ion (1 ) npprosiniat,es the condi- 
tions over niucli t,he grent.er portion of the Southern 
Heniis dierc?, hut,, 011 i;ccc)unt, of t,hc irregular distribu- 

?tuc!y of the  winds of th:. Kart I:tjrii Hcniisphere. Assump- 
t,ioii ( 2 )  coliforms roughly to  nver.qe coiiditions between 
t,he t,hermn.l equn.t,or t i i d  latitude 5Oo-6O0, except near 
talle surfnce anil at. tdt.itucles above 10 to 15 kilometers. 
This is well sho~vn ?y,- figure 2 ,  referring to tlie Northern 
Hcniisplierr.. iluring i k  siimnier, a.1~1 co led from Siirin s 
paper a on t,Iie presc:n t, state of l<nowle$ge concerning t d e 
general circular ion of t.La n tmosphere. Assumption (3), 
us applictl to norin:i! prrs.sure, is t h o  opprosiniatel true 
cscep t. for resiric t,r.rl areas, mliose seconclary anBloca1 
dTccts will ;lot, hcrr hc discusstd. 

C o n s i h  an nt,Inosphcre of the sanie composition 
t,hrougl:out, ~ n t l  11:i.viiy init,ially the same temperature 
at, unj- gireii clc~-nt.ini~ rest.ing on a horizontal plane. 
Let t&c t.ciii1>rr:ltUrc iw uniforiiilg increased from north 
to south, s:iy, mid 1-1)- t.iw ?i:iiiie amount froni top to bot- 
t,oxii, thus siniiilat ing t.lw t cniperature distribution that 
ii.ctually o1jt:iins in thc cnrth's :-lt,mosphere over middle 
1.i: it.uili3, tis :iLuvi> tx;J.iiiiitvl. Bind the resulting hori- 
zon tal pressure gra.iiiixl1t, ti!, t!ie tlifl'creiit levels. 

t.ion o I? h i d  niid SPX, has t.o hi. iiiodiiied for any detailed 

At tlie height h t i lo  1iorlzont.ul pre.wire gradient,, 

obriously tlirectecl froni tlx wtirnier, toward tlie colder 
rcgion, is wry npprosimatclj- given by the equation- 

in which L is any given 1iorizont.d clislsnce along which 
h. is t.nken, 1) t . 1 ~  pressure at t,ho lcvel h, above the 
colder end of L, ah the tliffcrcnce of vertical espansion 
of the air below tlic Icvcl in question at  the ends of L, or 
diff ereiicc of clist.:-lnce t.lwougli which t,he level whose origi- 
nal pressure was p was liftcd ut t,liese two places, and H 
the virt,unl lieiglit, of the t~tniospliere, npprosiniately 8 
kilometors, or lirighta i t  woulil linve nbovo any point if 
from t,liPre up i t  h:irl the t1cnsit.y vi1iic.h obt>ains a t  that 
point.. The ncgnt,irc. sign is usad because t.lie pressure 
decreases :is ii , ~iicwur(:!l froni a wmiicr toward a colder 
region, increases. For simplicity let, L be in the direction 
of niasinium rz1t.e of horizon t.til Leiiiperature change, 
nor t.h-sout,li, in tL is cnsc. 

CTndrr the n.ssuiiir!d CI 111 cli t,ions. 

2171. = r i  '.,AT7!. , n~q>ros,ii? 1 :E t,ely, 

in which a is tlie areragt! coefficient of volume espansion 
of the ntiiiosphere l idow the level h, and A T  the differ- 
ence of teniper:it.ure ohitnge at  the ends of L. 

a ZeitschriIt der Gesell. fur Erdliide, Berlin, 1913, goo. 
- - 
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At any two levels, then, h and h', the horizontal pres- 
adients in the same direction are given npprosi- 

mate y by the respective equations, 
dp pa'ATh 
dn H L  ' 

P 
- - = 

and 
dp  ' p'a'%AT'h' 
dn H'L * 

-- =- 

But L ma be taken the same in both e uations, while 
a, H,  and A ?? general1 are not greatly di % ereht respec- 
tively from a', H', ~ J A T ' .  In  reality, 

H T  
-H = P' 

and a' is slightly greater than a when T' is less than T .  
But in this case it a pears from observations that ac- 
tually AT' is slightly P ess than AT, so that 

_- d p  - $ = p+, approximately. 
dn 

Again, froni the 5 to the 10 kilometer level, and even 
to some distance below the former and above the lntter, 

$ =x, " roughly. 
Hence, commonly, 

du 

i n  
That is, through these levels or froni below 6 kilometers 

to above 10 kilometers the horizontal pressure gradient 
established by the temperature difl'erence between adjn- bl 

94 
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Fro. &--Relation of pressure gradlent to sltltude and latitude (N. Hem., furnmer), alter 
Stulng. 

cent regions of air is roughly constant. This conclusion 
is fully supported by observations as shown by figure 3, 
refernng to the Northern Hemisphere during its suninier, 
and also copied from Siiring's paper.' 

LEVEL OF MAXIMUM HORIZONTAL PRESSURE QRADIENT. 

The approsimnte level of the maximum horizontal 

As just explained, in the equation 
gradient may be found as follows: 

the factor 
alaAT 
HL 
- 

is roughly constant. 
for the "co~istnnt," the eyuntlon takes the form, 

Writing G for the gradient and II 

G = ICph. 

Hence (2 has a ninsimum value when 

But., 

Hence t h e  pressure gradicnt is steepest when 

t h t  is. whcii 11 = II= S kiloniet,ers, roughly. 
Thin following is 3 slight,ly difierent method of arriving 

at tilth so.nic' cowlusion: 
Thi? niiisiniuni horizontal pressure gradient resulting 

froni n const.nnt. temperature difference between two 
neig1;l:)orin:: roluiiins of nir obviously is itt that level a t  
~-i i ic l i  the vcartical pressure is most clinngecl by the ex- 
p:insion of thc itir Ixlow due to a constant t,emperature 
incrense. 

Let 1). be any height, and let (I be the zvernge coeifcient 
of volmiie cspnnsion of the air bclo\v this level. Tben 

Ah =a,!: h, nearly, 
and 

in which p is the clensity of the air at the level h, and g the 
locnl gravity acceleration. 

But p = Cp, in which c! is a constant, and 

A p = p  G'g dk h= Ii'p h, 

sa , in wlkli  Ii iiiay be .regarded as a constant. 
fjence, as before, Ap has its maximum value when 

That is, the horizontal adient is steepest when h = a. 
But, as is well known, E=S kilometers, np rosimately. 
Hence the horizontal pressure gradient resu P Ling from a 
temperature distribution substantially that which actu- 
ally obtains in the atmosphere, is greatest a t  a height of 
about S kilometers. 

CONSTANCY OF MASS FLOW-EQNELL'S L-~w. 

At a distance above the surface of the earth sufficiently 
great t.0 avoid appreciable retardation due to friction and 
turbulence, that is, at elevations greater than 2 kilometers, 
(usually less), the wind obviously must blow in such 
direction and with such velocity that there is an approxi- 



JANUARY, 1916. MONTHIrY WEATHER REVIEW. 17 

mate equation between the pressure adient on the one 

force due to rotation on the other. Hence, at  these levels, 
if dp/dn is the maximum horizontal pressure gradient, 

hand and the combined centrifugal P orce and deflection 

V 2 = - p ~ ( 2  w sin g5 + x tsn 41, approximately, 

in which p i s  the density of the air at the level under con- 
sideration, V the wind velocity, w the anoular velocity of 
rotation of the earth, q5 the latitude, a n f R  the radius of 
the earth. 

A little calculation shows that the second term in the 
perentheses is always small, except in very high lati- 
tudes, in comparison with the first. Thus for a west 
wind moving 22.4 meters per second (50 mis./hr.) , at lati- 
tude 45', the h t  term is about 30 tinies greater. than the 
second. Hence, under these conditions, 

g= - 2 p v w  sin 4, approsimntely. 

But, as just explained, the horizontal pressure gradient, 
dp/dn, is roughly constant between 5 and 10 kilometers de- 
vation. Hence at any given latitude, p V ,  the mass flow, 
or mass of air crossing unit normal area per unit time, 
tends to remain constant with change of dtitucle from 
4 or 5 kilometers above sea level up to tlie isot;hernial 

In other words, through this region, pV, at  nlti- 
#:?is equal to p'V' at altitude h', nearly. This rele- 
tim between the density and velocity of the Rtrnosphere 
at different levels is known as Egnell's law: determiiied 
empirically by himself, as also previously by H. H. 
Clayton,@ from cloud observations. Obvious1 p V  has 

adient is a maximum, that is, at  about 8 kilo- 
a maximum value a t  that level a t  which tlie K orizontal 

meters pr=uref a ove sea level. 
BELATION OF VELOCITY TO ALTITUDE ABOVE 5 KILO- 

METERS. 

Obviously, if the temperature is constant, as for sim- 
plicity we may assume it to be, 

But, as already seen, under this condition of constant 
temperature, through a considerable range of altitude- 
that is, from below 5 to above 10 kilometers- 

h' 2 - -9 roughly. 
V'- 7l. 

Hence, 
L 

P h' 
T i - ,  roughly. 
P h  

But, as explained above 
p V =  p /  V', nearly, 

therefore, 
V h  --- v!-h/~ approximately, 

or the velocity of the wind through the levels in question 
is roughly proportional to the altitude. 

Above the isothermal level over the regions between the 
thermal equator and latitude 50' or 60' the horizontal 
temperature gradient decreases, and resently even re- 

and therefore the corresponding pressure gradient also 
verses, with increase of elevation, as s % own by figure 2, 

8 Com esrendus 1803 186360. 
B W&I In Am&. met)]. job., Boston, August l893, lO:l77. 

50548--1&--2 

Hence the maas flow decreases as shown by 
p V, likewise decreases wit elevation above this criticd @Y 3. 

value at or 

SOXE RESEARCHES IN THE FAR EASTERN SEASONAL 
CORRELATIONS. 

(FlRST NOTE.) 

By T. OKADA. 
[lleprlntcd from Journal of the Yeteorologlcal Sooiety of Japen, December, l918,84, 

No. 12.1 

I. 
1. Introduction.-It is a well-known fact that for the 

Far East the great pressure maximum over Siberia 
and the dee barometric minimum to the south of the 

of the atmosphere in winter, while the great .Pacifia 
anticyclone and the continental low area are them sum- 
mer counterparts. The weather anomaly of the Far 
East, especial1 of this country [Japan] is closely and 

and intensities of these atmospheric centers. 
I n  1910 the author published a short paper containing 

a number of examples of simultaneous correlations in air 
temperature and rainfall at some places in the Far East. 
The present note mill give a few examples of the remark- 
able interdependence existing between the pulsations of 
the Siberian anticyclonic system in winter and the air 
temperature anomal of the east coast of Japan in the 
following summer. ?hie investigation of this correlation 
may be of some interest for the solution of the fascinab 
ing problem of the climatic forecast which aims at pre- 
dicting the general character of a coming season montha 
in advance. 

2. Uethod and data.-As an index of the intensity of 
the center of action the absolute value of the barometric 
pressure a t  a locality situated in the center is not a 
suitable one. The true measure of the intensity is the 
barometric gradient. The barometric readin 

pheric center, may e of great service in estimatin 
intensity of this center. But the great altitu e of 
Irkutsk requires a large correction to be added to reduce 

reduces the value of those, readings as data r t I y  or the 
ita barometric readings to sea level and this 

present investigation. In calculating the barometric 
adient the most proper material is the pressure data of 

f$e meteorolooical stations lying near sea level. I have 
therefore usezthe results oi observations taken at the 
observatories at Zikawei, Nafa, and Izugahara. The 
geographical coordinates of these observatories are : 

Aleutian Is Q ands are tlie prominent centers of action 

causally relate B to the occasional change in the positions 

Irkutsk Observntor , lying in the heart of t r e atmos- at the 

f the 
g 

~~ 

Observatory. Longltude. Latitude. Altituda &% l--l--l-l- 
Meter#. 

1886 

First were com uted the differences between the sea- 
level ressures at  i$ ikawei and Nafa, nnd those at  Zikawei 

distant from Zikawei these differences of pressure may 
be considered as t,he components of tho required pressure 
gradient. From these components we have computed 

and P zugahnra. Since Nafa and Izugahara are equally 


